This paper introduces a liquid-metal integrated system that combines soft electronics materials and engineering designs with advanced near-field-communication (NFC) functionality for human motion sensing. All of the active components, that is, strain sensor, antenna and interconnections, in this device are made of liquid metal, and the device has unique gel-like characteristics and stretchability. Patterning procedures based on selective wetting properties of the reduced GaInSn enable a skin-attachable, miniaturized layout, in which the diameter of the device is less than 2 cm. Electromechanical characterization of the strain sensor and antenna reveals their behaviors under large uniaxial tensile and compressive strains, as well as more complex modes of deformation. Demonstrations of these devices involve their use in monitoring various human motions in a purely wireless fashion; examples include wrist flexion, movements of the vocal cord and finger motion. This simple platform has potential for use in human-machine interfaces for prosthetic control and other applications. NPG Asia Materials (2017) 9, e443; doi:10.1038/am.2017.189; published online 27 October 2017 INTRODUCTION Skin-mounted, deformable devices capable of sensing various signals such as strain, pressure and temperature can be used in a variety of applications ranging from health monitoring systems and personal diagnostics to human-machine interfaces. 1 Advanced concepts in stretchable materials and mechanics principles form the basis for devices that can gently laminate onto the soft and curvilinear surfaces of human skin or conformally wrap onto internal organs of the body. 2-5 Gallium-based liquid metals are highly suitable candidates for such applications due to their unlimited deformability while maintaining excellent metallic conductivity. The use of gallium-based liquid-metal alloys confined in elastomeric enclosures provides intrinsically stretchable properties that maintain bulk electrical conductivity with high stretchability. 6 Additionally, unlike mercury, gallium is safe to use in ambient environment due to its low vapor pressure. 7, 8 By taking full advantage of the deformability and nontoxicity of the liquid metal, many research groups have utilized liquid metal for wearable
INTRODUCTION
Skin-mounted, deformable devices capable of sensing various signals such as strain, pressure and temperature can be used in a variety of applications ranging from health monitoring systems and personal diagnostics to human-machine interfaces. 1 Advanced concepts in stretchable materials and mechanics principles form the basis for devices that can gently laminate onto the soft and curvilinear surfaces of human skin or conformally wrap onto internal organs of the body. [2] [3] [4] [5] Gallium-based liquid metals are highly suitable candidates for such applications due to their unlimited deformability while maintaining excellent metallic conductivity. The use of gallium-based liquid-metal alloys confined in elastomeric enclosures provides intrinsically stretchable properties that maintain bulk electrical conductivity with high stretchability. 6 Additionally, unlike mercury, gallium is safe to use in ambient environment due to its low vapor pressure. 7, 8 By taking full advantage of the deformability and nontoxicity of the liquid metal, many research groups have utilized liquid metal for wearable applications. Liquid metal has been widely adopted to make a variety of applications such as stretchable microfluidic antenna, 9-14 soft mechanical sensors, 15, 16 loudspeakers 17 and ionic current diodes 18 as well as extensive interconnections. [19] [20] [21] [22] However, a complete liquid-metal system for human-interactive applications, which integrate various functions into one, has yet to be reported. For independent operation of the wearable device, various issues related to signal and power transfer must be solved, and a reliable signal must be generated. In the case of a strain sensor, when wireless transmission functions, including power and data transfer, are not incorporated, a hard wire connection is required with an external measuring device, which degrades the durability of the device and significantly limits the user's activity when worn. Recent work demonstrates various wireless chemical and biological sensor systems with Bluetooth 23, 24 and near-field-communication (NFC) [25] [26] [27] capabilities, the latter of which can also be operated in a battery-free mode via power harvesting. However, previously reported liquid metal-based antennas tend to be unsuitable for skin-attachable applications in terms of size or thickness, mostly because of limitations in the injection method. Although injecting the liquid metal into microchannels is intuitive and accessible, there are limitations to making delicate design patterns, and additional structure or process is required to integrate liquid-metal channels with other components such as surface mounted devices.
Here, we report a unique, gel-like, liquid-metal system in which all key components-from a strain sensor that can measure tensile and normal strain loading, to an antenna coil that can both receive RF power and transmit data wirelessly, and a collection of electrical interconnections to define the overall circuit topology-consist of lithographically defined conductive traces of liquid phase GaInSn (68.5% Ga, 21.5% In and 10% Sn; melting point = − 19°C), embedded in polydimethylsiloxane (PDMS). The fully wireless, battery-free design, the large operating range (tens of cm's) and the thin (sub-millimeter), miniaturized designs (less than 2 cm in diameter) represent key distinguishing features of the technology, critically enabled by photolithography, chemical reduction and a selective wetting process for patterning features of GaInSn. The system communicates with an external NFC reader that transfers power to the device and receives data from the device in a completely wireless fashion without performance degradation even under large strain (30%) deformations. The system offers the ability to monitor human motion wirelessly, including wrist flexion and movements of the vocal cords during swallowing and speaking. Simultaneous monitoring of finger motions with three separate strain sensors attached to the joints of individual fingers illustrates multi-site recording of complex motions. The results demonstrate that liquid-metal approaches serve as the basis of integrated, skinmounted wearable platforms with powerful capabilities relevant to clinical medicine, human-machine interfaces and other areas of interest.
MATERIALS AND METHODS

Fabrication of liquid-metal patterns on PDMS substrate
A glass substrate was cut into a rectangle 75 mm × 50 mm in size, followed by rinsing with acetone and isopropyl alcohol. Poly(methyl methacrylate) (PMMA, Microchem, Westborough, MA, USA) was spin-coated (2000 r.p.m., 30 s) and baked at 180°C to avoid adhesion between the glass substrate and PDMS. Polydimethylsiloxane (Sylgard 184, Dow Corning Corp., Auburn, MI, USA; mixed at a 10:1 ratio of base to curing agent by weight) was spin-coated on the substrate and partially cured at 75°C for 7 min and 30 s. The Cr and Au thin film was deposited on the partially cured PDMS substrates, rather than on the completely cured PDMS, in order to avoid the generation of cracks by thermal residual stress. Deposition of the metal film by sputtering or e-beam evaporation may crack the film surface due to residual strain generated during the film formation process. 28, 29 Therefore, in this study, the Cr/Au film layer was deposited on a partially cured PDMS substrate. The optical images of the PDMS/Cr/Au surface are presented in Supplementary Figure S3 .
A 10 nm-thick Cr layer was deposited before depositing the 100 nm-thick Au film (2.1 Å s − 1 ) using magnetron sputtering (AJA Orion 3 sputter system, MA, USA) on the partially cured PDMS substrates at a rate of 1.0 Å s − 1 to enhance the adhesion between the metal film and PDMS. As-deposited PDMS substrates were placed in an oven at 70°C for 20 min to cure them fully. Solid metal patterns were fabricated using photolithography (AZ 5214 photoresist, spincoating at 3000 r.p.m. for 30 s, baking at 110°C for 1 min 30 s, UV irradiation for 140 mJ cm − 2 , development for ≈28 s with developer AZ 917 MIF) and wet etching. A liquid-metal droplet (GaInSn, Rotometals) with a native oxide layer was cast on the Au patterns, followed by casting a few microliters of 10 wt% NaOH droplet. The reduced liquid metal was selectively coated on the Au surface after spreading the reduced GaInSn out on the PDMS substrate. Rinsing and drying were performed using DI water and an oven at 70°C, respectively.
Fabrication of the liquid-metal NFC device
A ceramic capacitor (213 pF, Murata Electronics North America, Smyrna, GA, USA), a resistor (2.37 kΩ, Vishay Dale, Shelton, CT, USA), and an NFC chip (SL13A ams AG, USA) were mounted on the liquid-metal pattern using an optical microscope, and electrically connected. PDMS (0.2 g, 10:1 ratio of base to the curing agent by weight) was cast on the substrates and degassed, followed by curing in an oven at 70°C for 40 min. skin-attachable, stretchable integrated system based on liquid GaInSn YR Jeong et al
Characterizing the strain sensor
The electrical resistance was measured with a digital multimeter (DMM, USB-4065, National Instruments, Austin, TX, USA) after inserting a copper wire into the GaInSn microchannel. Mechanical testing of the sensor was performed with a customized uniaxial stretcher. For the dynamic pressure measurements, a force sensor (Mark-10 Series 7) was fixed onto a uniaxial motion controller (SM4-0806-3S), which pressed the sensor in a direction normal to the substrate.
Wireless measurements of various strain
To monitor various human motion, the devices were mounted on skin after integrating a layer of a thin adhesive (acrylic adhesive, Scapa Healthcare, Inglewood, CA, USA) on the back of the device. The adhesive has biocompatibilities and conformal interfaces with low modulus. 26 For single device measurement, an NFC reader (AMS Inc., Cupertino, CA, USA) was used for data capture at a distance of 5 mm. For multi-device monitoring, a custombuilt wireless setup was introduced. The communication distance could be extended by applying high power with a large antenna (ID ISC.ANT800/600-DA, FEIG Electronics, Duluth, GA, USA) for power transfer and data acquisition. Since the wirelessly obtained data from the custom-built wireless system exhibited code signals with arbitrary units, a calibration graph showing the relationship between two different measurements is shown in Supplementary Figure S19 .
Electromagnetic characterization
Electromagnetic properties were measured with an impedance analyzer (4291A RF impedance/material analyzer, Hewlett Packard, Palo Alto, CA, USA) over a frequency range of 5-20 MHz. Measurements involved placing the device at the center of the primary coil at a vertical distance of~2 mm.
Measurement of the Young's moduli of the NFC device
The modulus of the liquid-metal NFC device was measured under uniaxial tensile loading with a dynamic mechanical analyzer (TA Instruments, Q 800, New Castle, DE, USA). Figure 1a presents schematic illustrations of a stretchable, wireless strain sensing system based on a liquid-metal configuration: a resistortype strain sensor with an inductive coil that can electromagnetically couple with an external primary coil. All electrical interconnections consist of GaInSn encapsulated within PDMS, thereby forming a three-layer-structure (Figure 1b) . Power transfers to the NFC chip from an external NFC reader via inductive coupling and is further delivered to the internal circuits of the device to allow signal acquisition and data transmission from the strain sensor. Since all of the constituent components, except for the commercial surface mounted device chips, have excellent deformability, the device is intrinsically stretchable at the system level, with stable mechanical and electrical properties under external strain. An illustration of the operation appears in Figure 1c , and an optical image is shown in Figure 1d . The coil has five turns of liquid-metal lines with widths and gaps of 460 and 40 μm, respectively. Detailed information on the circuit design and the coil dimensions are in Supplementary Figure S1 . The strain sensor in Figure 1e resides inside the antenna coil and has a width, gap and total length of 70, 40 and 160 mm, respectively. The total thickness, including that of the encapsulating elastomer, is 380 μm. A cross-sectional scanning electron microscope image of the device revealed by the freeze-fracture method appears in Supplementary Figure S2 . An optical image of the device in a state of elastic deformation is shown in Figure 1f . Figure 2 illustrates the underlying mechanism of patterning liquid metal. The gallium alloy forms a thin oxide layer on its surface in the presence of oxygen at a concentration of over 1 p.p.m. 30 This oxide shell easily adheres to the surface of almost any material, in contrast to the bare liquid metal, making it difficult to treat and pattern. 30, 31 Various techniques have been developed to pattern liquid metals, including the injection method, stencil lithography, inkjet printing, micro-textured surface enabled patterning and selective wetting. [31] [32] [33] [34] [35] Figure 2 (a-c) Contact angle images of the GaInSn droplet on various substrates of (a) PDMS, (b) Au deposited glass substrate and (c) Au deposited PDMS substrate. Each image shows dramatic changes in contact angle before (al, b1 and c1) and after (a2, b2 and c2) reducing its surface with 10 wt% NaOH. 
RESULTS AND DISCUSSION
Above all, direct injecting liquid metals into the microchannel is the most commonly used and the most reported method. Here, we fabricated patterns of GaInSn liquid-metal electrodes using selective wetting of GaInSn, reduced by exposure to a dilute solution of NaOH, on pre-patterned traces of Au. The oxide layer of the gallium alloys can be reduced by treatment with acid or base, and the bare liquid metal inside the oxide layer can wet the surfaces of certain solid metal materials. 35, 36 Contact angle measurements of a GaInSn droplet before and after treatment with NaOH on PDMS and an Au-coated surface are shown in Figures 2a-d . The contact angle was the same on PDMS after treatment with NaOH, whereas it dramatically decreased from 130°to 27°on Au films deposited on glass or PDMS substrates. In the fabrication process, Cr and Au were deposited on partially cured PDMS substrates to avoid cracking that tends to occur with fully curved substrates. 28, 29 Detailed descriptions of the fabrication process appear in the experimental section in Note S1 (Supplementary Information), as well as in Supplementary Figures S3 and S4 . A slightly wavy surface was obtained after the Cr/Au deposition process, as shown in Figure 2e , but at a level that was possible to pattern using photolithography and wet etching. This selective wetting approach enables the fabrication of liquid-metal patterns of reduced GaInSn with line widths of 50 μm, as presented in Figure 2f .
Photolithographic definition of the wetting layers established precise liquid-metal patterns with various designs, outside of the scope of capabilities associated with injection methods due to its need for distinct inlets and outlets. This strategy also enables the facile integration of liquid-metal traces with various components, such as commercial chips without any soldering process, or additional structure, such as a printed circuit board on rigid islands. Supplementary Figure S5 demonstrates the effect of reducing the oxide film of GaInSn on the patterning process, where accurate and immediate patterning can be achieved via treatment of GaInSn with NaOH. The liquid metal immediately wet the gold patterns prepared via the photolithography technique after being reduced by 10 wt%, while the liquid metal without NaOH treatment did not display selective wetting even after rinsing with isopropyl alcohol. 37 The electrical properties of the liquid-metal strain sensors, measured under various strains using copper wire connections, are shown in Figure 3 . The results include devices with line widths 50, 70 and 90 μm. The liquid metal embedded in the PDMS deforms linearly with the elastomer under tensile strain loading. Figure 3a presents an optical image of the strain sensor under 30% uniaxial strain. The resistance can be expressed as a function of the length, width and thickness of the liquid metal. The average resistance values at 0% strain (R 0 ) for various widths and lengths are in Supplementary skin-attachable, stretchable integrated system based on liquid GaInSn YR Jeong et al Figure S6 , where the resistance increases with increasing length and decreasing width. For a fixed volume (V) of the liquid metal, the resistance is R 0 El 2 0 =ðs GaInSn V Þ, where l 0 ( = V/A 0 ) is the wire length for a cross-sectional area (A 0 ) along the wire and σ GaInSn is the conductivity of the GaInSn (3.46 × 10 6 S m − 1 ). 38 Simulated images of the strain sensors at various levels of tensile strain appear in Supplementary Figure S7 .
The sensor exhibits reversible and robust electrical and mechanical performance with minimal hysteresis, thereby enabling reliable operation. The results in Figures 3b and c show that the change in resistance (ΔR) and the normalized change in resistance (ΔR/R 0 ) increase linearly with applied strain (ε), in good agreement with the theoretical estimate. ΔR increases with decreasing width, whereas ΔR/ R 0 is independent of width. Figure 3b shows different slopes with varying widths, since each sensor has a different initial resistance at zero strain, R 0 . Figure 3c was obtained via dividing three curves in Figure 3b by each R 0 . The relationship between ΔR/R 0 and ε can be expressed as follows:
The gauge factor is defined by the slope of the normalized resistance curve versus the strain ε, (ΔR/R 0 )/ε. For εo~30%, the gauge factor is approximately 2. Strain sensors with three different widths (50, 70 and 90 μm) had the gauge factor of 2 in measurements, with good agreement between the theoretical and experimental results. The sensor shows reversible behavior for various strain loading and unloading cycles, with negligible hysteresis, as supported by the time-resistance data collected at a loading speed of 0.5 mm s − 1 in Figures 3d and e. The sensor also has excellent durability, showing stable electrical performance for 10 000 stretching cycles under 30% strain, as presented in Figure 3f . The inset of Figure 3f is an enlarged view of the specific time interval, which exhibits reliable performance on repetitive stretching. The sensitivity to temperature is insignificant (Supplementary Figure S8) , with only 5% increase in resistance for an increase in temperature from 20 to 50°C, and a gauge factor that remains unchanged. The resistance decreases slightly upon stretching in a direction perpendicular to the sensor lines, showing a 5.2% decrease under 50% strain (Supplementary Figure S9) . Such behavior likely arises from reductions in length (l) due to the Poisson effect.
The sensor can also detect loading associated with applied pressure. A schematic illustration of the measurement setup for characterizing this response is presented in Figure 3g . A commercial force gauge (Mark-10) fixed on a Z-stage controller with a 3.3 × 3.3 mm 2 tip applied to the end served as a controlled source of pressure. Detailed descriptions of the measurement setup, including the support platform and the force actuator, are described in Note S5 (Supplementary Information) and Supplementary Figure S10. For pressures up to 100 kPa, the resistance shows a linear increase, where the slope of ΔR/ R 0 versus pressure increases with increasing line width (Figure 3h) . Changes in the resistance over a pressure loading-unloading cycle are skin-attachable, stretchable integrated system based on liquid GaInSn YR Jeong et al reproducible for various pressure values, and the resistance returns its original value when the sensor is unloaded to 0 Pa (Figure 3i ). The magnitudes of the changes in resistance depend on the Young's modulus of the encapsulating polymer. The experimental and theoretical results in Supplementary Figure S11 both show that the resistance changes are greater when the sensor is encapsulated within a lower modulus silicone material (Ecoflex, Young's modulus 125 kPa). Some hysteresis is observed upon pressure loading and unloading, whereas negligible hysteresis occurs in the case of stretching (Supplementary Figure S12) . Stress-strain curves of the sensor and bare PDMS, shown in Supplementary Figure S13 , do not exhibit any hysteresis, indicating that the viscoelasticity of the PDMS elastomer is not a major factor in the electrical hysteresis. Such different hysteresis behavior between the tensile and compressive strains could be attributed to the convex geometry of the microchannel, where the flow-back of the liquid metal into the channel may be limited due to its viscosity. 16, 39 The use of a GaInSn antenna for power transmission and data communication also provides stable electrical and mechanical performance under stretching and other modes of deformation. Figures 4a  and b show optical images of the antenna under uniaxial tension up to 30% stretching, and the strain distribution obtained from the finite element analysis (see Note S2 in Supplementary Information), respectively. The maximum strain of 32% occurs around the NFC chip (2.38 mm × 2.38 mm; thickness of~100 μm) when the applied strain reaches 30%. The Young's modulus of the device is 3.8 MPa, calculated by the strain-stress curve of the device presented in Supplementary Figure S14 . The resistance of the inductive coil increases with stretching, as shown in Figure 4c and Supplementary Figure S15 . The phase response, resonance frequency and Q factor have some minor dependence on strain (Figures 4d and e) . In particular, the resonance frequency and Q factor decrease by 5% (from 13.5 to 12.8 MHz) and 10% (from 4.3 to 3.9), respectively, for stretching up to 30%. All measurements are in good agreement with simulation. These changes in performance are caused by the deformation of the shape in the coil antenna, consistent with behaviors in circular copper antenna structures. 25, 40 However, these characteristics do not have significant adverse effects on the operation of the wireless strain sensor using NFC, since the integrated NFC chip has a constant output voltage of 3.4 V. Only signals related to the resistance change (ΔR) of the sensor caused by the external strain loading are transmitted to the external reader as meaningful data.
The overall system can wirelessly communicate with an external reader via magnetic inductive coupling at a frequency of 13.56 MHz. The device is designed to resonate near 13.56 MHz by proper selection of a tuning capacitor (C t ) connected in an electrically parallel fashion skin-attachable, stretchable integrated system based on liquid GaInSn YR Jeong et al with the inductive coil. The wirelessly received AC power from the antenna coil is rectified through the NFC chip, and a constant voltage (V EXT ) is applied to a serially connected circuit that consists of a commercial resistor and the liquid-metal strain sensor, as shown in the circuit diagram in Supplementary Figure S1a . The voltage applied to the strain sensor (V OUT ) is determined by the ratio between the resistance of the commercial resistor (R1) and that of the liquid-metal strain sensor. The signal is continuously transmitted to the NFC chip, and eventually transmitted to an external reader at a sampling rate of 25 Hz. The wirelessly measured output voltages (V OUT ) corresponding to applied tensile and compressive strain are presented in Figure 5a . To demonstrate wireless function, we attached the device onto human skin and obtained real-time data from the strain sensor induced by deformations of the device, each corresponding to a specific motion. For the device mounted on skin (thickness 1 mm) subjected to uniaxial tension and to approximately 10% stretching, the maximum normal and shear stresses at the device/skin interface were below the threshold for somatosensory perception of forces (20 kPa), 41 as shown in Supplementary Figure S16 . Figure 5b shows detection associated with wrist flexion and release for a device mounted on the wrist. The movements of the vocal cords can be monitored by attaching the device on the throat. Figure 5c shows the change in the output voltage (V OUT ) while swallowing, where unique waveforms with two concave peaks correspond to two different measurements. Similar responses can be recorded using wired connections, as shown in Supplementary  Figure S17 . Similarly, the movements of the vocal cords and muscle motion in speech can also be monitored when speaking specific words, thereby yielding distinguishable waveforms (Supplementary Figure S18) .
To demonstrate scalability in sensing functionality, three devices mounted on the joints (carpometacarpal joints) of the index, middle and ring fingers provide data simultaneously while moving the fingers. An additional device attached to the back of the hand can monitor the temperature of the skin wirelessly using the internal temperature sensor in the NFC chip. For multi-device monitoring, we introduced a custom-built system that can communicate with multiple NFC devices at the same time, and increase communication distance up to approximately 30 cm by use of a high power RF system (8 W). The details are in the experimental procedure in Note S1 (Supplementary Information). Optical images of the hand and schematic illustrations of each motion are presented in Figures 5d and e. Signals from four different motions as well as the temperature of the skin can be obtained via the NFC interface. Each motion is clearly distinguishable in real-time data, as shown in Figure 5f . The data received by the custom-built system were calibrated into voltage units (mV), as shown in Figure 5f , since it receives signals with hexadecimal codes with arbitrary units in contrast to the commercial reader (V OUT , mV). A fitted curve showing the relationship between two different measurements is presented in Supplementary Figure S19 . For an improved understanding of the finger motions, wired measurements of the finger motions identical those in Figure 5f are presented in Supplementary Figure S20 . Additionally, the quantitative values for the strain associated with the degree of flexion and the corresponding response of the resistance are shown in Note S4 (Supplementary Information) and Supplementary Figure S21 .
CONCLUSION
For the first time, we demonstrate a skin-attachable, gel-like stretchable integrated system based on liquid GaInSn for wireless human motion monitoring with multi-site sensing capabilities. The devices include signal acquisition and data transmission functions as well as strain sensors and interconnections, all composed of liquid metal. Liquid-metal patterns were obtained by using photolithography and selective wetting properties of the reduced GaInSn as a precise means for integration, with key advantages compared to other fabrication methods. Examples of motion monitored using this system include wrist flexion and motion of the vocal chords during swallowing and speech. Moreover, various finger motions can be distinguished by mounting multiple devices on the finger joints. The combination of liquid-metal-enabled deformability and the untethered sensing of dynamic motion achieved via NFC technology creates many possibilities in wearable devices, with high potential as a human-robotic interface for prosthetics.
